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The optical pumping NMR effect in the compensated semiconductor InP:Fe has been investigated
in terms of the dependences of photon energy (Ep), helicity (σ
±), and exposure time (τL) of infrared
lights. The 31P and 115In signal enhancements show large σ± asymmetries and anomalous oscilla-
tions as a function of Ep. We find that (i) the oscillation period as a function of Ep is similar for
31P and 115In and almost field independent in spite of significant reduction of the enhancement in
higher fields. (ii) A characteristic time for buildup of the 31P polarization under the light exposure
shows strong Ep-dependence, but is almost independent of σ
±. (iii) The buildup times for 31P and
115In are of the same order (103 s), although the spin-lattice relaxation times (T1) are different
by more than three orders of magnitude between them. The results are discussed in terms of (1)
discrete energy spectra due to donor-acceptor pairs (DAPs) in compensated semiconductors, and
(2) interplay between 31P and dipolar ordered indium nuclei, which are optically induced.
PACS numbers: 76.60.-k, 32.80.Bx, 76.70.Fz, 78.30.Fs, 03.67.Lx
I. INTRODUCTION
A solid-state NMR quantum computer has attracted
much attention because of its great potential as a scal-
able quantum computer,1,2,3,4,5,6 but it holds the problem
of extremely low efficiency in initialization and readout
processes due to low nuclear spin polarization at thermal
equilibrium. One of the possible resorts to resolve it is
an optical pumping NMR in semiconductors,4,6,7 which
provides an aligned nuclear spin system inside a semicon-
ductor through transfer of angular momenta from pho-
tons to nuclei via electrons.8,9 The aligned nuclei can be
used as an initial state of the pseudo-pure technique for
initialization10 as well as for a signal enhancement for
readout. Moreover, such a semiconductor can be used
as a reservoir of the spin polarization, which is trans-
ferred to nuclear spins in another material that serves as
a quantum computer.11 The scheme is specifically called
an optical pumping qubit initializer (OPQI).6,12 It allows
us to separate initialization process from computation,
so that the latter can be optimized independently of the
former.
The OPQI requires a polarizer (reservoir) with the
following characteristics; (1) high optical pumping ef-
ficiency, (2) large nuclear moment and (3) high spin
transfer efficiency from the polarizer to a polarized
material.11,12 Among many semiconductors, indium
phosphide (InP) is expected to possess preferable char-
acteristics at least for (2) and (3), i.e., 31P has 100%
abundance and a high nuclear gyromagnetic ratio γn/2π
= 17.235 MHz/T, which enables us to retain high nuclear
spin moments. Moreover, since the nuclear spin of 31P
(I) is 1/2, no quadrupolar broadening of the 31P spec-
trum exists at an interface, which reduces a chance of
degrading the polarization transfer efficiency.
It is known, however, that InP has problems in (1); it
shows rather complicated optical pumping effects, which
prevents us from optimizing the enhancement of 31P po-
larization. It shows strong dopant dependence, and clear
enhancement of a 31P NMR signal has been reported only
in undoped11,13 and Fe-doped samples.14,15,16 Moreover,
a Fe-doped sample, which shows the most significant en-
hancement, exhibits rather peculiar and unique optical
pumping behaviors such as, (i) an oscillatory behavior
of the 31P enhancement against a photon-energy (Ep)
of an incident light, (ii) an asymmetric enhancement in
terms of a photon-helicity (right- and left-circular po-
larizations, σ±),14 and (iii) single resonance polarization
transfer from 115In to 31P with only a rf-field for 31P.17
In order to optimize the 31P enhancement in InP, it is
inevitable to understand the mechanism of these behav-
iors and gain information about guiding principle for an
effective optical pumping.
In this paper, we report on optical pumping effects in
InP:Fe in terms of Ep, σ
± and light exposure time (τL)
dependences under the various experimental conditions
of magnetic field and temperature. The results are dis-
cussed in terms of the unique characteristics of this sys-
tem, with which the conditions for the effective optical
pumping in InP are discussed.
II. OPTICAL PUMPING NMR IN III-V
SEMICONDUCTORS
Here, we summarize an optical pumping NMR in III-V
semiconductors. Primarily, the optical pumping effect is
caused by a transfer of angular momenta from incident
photons to nuclei via electrons. Photons with σ± have
the angular momenta l = ±1, which pump up the elec-
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FIG. 1: Diagram of the allowed inter-band transitions at the
Γ point of III-V semiconductors. The numbers below (above)
the initial (final) states indicate the z-components of the to-
tal angular momentum, Jz. The helicities/polarities and the
relative transition probabilities are shown by circular/linear
arrows and the numbers next to them, respectively.
trons from the heavy- and light-hole bands to the conduc-
tion band by adding (subtracting) an angular momentum
of ±1 to the electron spins, as shown in Fig. 1.9 Due to
the difference in the transition probabilities, the excess
electrons with either spin-up or down states are created
by σ±, depending on the sign of the electron g-factor.
The z-component of the photoexcited electron spin thus
created is relaxed with an electron spin relaxation time
τs. In the steady state, a net spin Sz is given by,
Sz =
Si
1 + τ/τs
, (1)
where Si corresponds to Sz at the instant of the photon-
absorption, and τ is the lifetime of the photoexcited elec-
trons.
The spin polarization s ≡ 〈Sz〉/S(S+1) is transferred
to nuclei. (〈 〉 stands for an spatial average over a region
large enough compared to the lattice spacing a.) The
nuclear spin polarization p ≡ 〈Iz〉/I(I + 1) is given by,
p =
s− s0
1− 4ss0
, (2)
where s0 = S0/S(S + 1) with
S0 = −
1
2
tanh(
µBgB
2kBT
) (3)
being the electron spin at thermal equilibrium at T . In
the optical pumping experiments,
p = s (4)
because s0 ≪ s, i.e., the average nuclear polarization
is proportional to that of the electron spins. Note that
p = −s0 in the Overhauser effect because Sz = 0.
The dynamics of the polarization is given through hy-
perfine couplings with the pumped electrons trapped in
trapping sites. The light exposure time τL dependence of
p is given by,13,18
p(τL) = p∞[1− exp{−τL(1/T1 + 1/TII)}], (5)
where T1 is the spin-lattice relaxation time in the dark,
and TII is the cross relaxation time between electrons and
nuclei. In the case of a Fermi contact type interaction,
TII is given by,
13,18
1
TII
=
S(S + 1)
3
·
2A2τe
1 + (ωI − ωS)2τ2e
. (6)
Here, A is a hyperfine coupling constant, τe is a correla-
tion time for exchange of electrons between the conduc-
tion band and the trapping sites, and ωI/2π and ωS/2π
are the nuclear and electron Larmor frequencies, respec-
tively. Since ωI/ωS ≪ 1 and S=1/2, Eq. (6) is reduced
to,
1
TII
≈
A2τe
2(1 + ω2Sτ
2
e )
. (7)
A contact type interaction is expected to be dominant in
the case of shallow donors, because polarized electrons
directly interact with nuclei of order 103, and because
τe in Eq. (6) is short due to the frequent hopping of
electrons between the conduction band and the trapping
sites. In the case of deep impurity centers, on the other
hand, the carriers are localized so that a dipolar type
hyperfine coupling rather than the contact type plays a
dominant role. In this case, non-secular terms in the
dipolar hyperfine coupling such as I+Sz and I
−Sz are
dominant. Since no spin flips of electrons are needed in
this process, the energy mismatch between ωS and ωI is
of no importance.
The nuclear polarizations, created either by the Fermi
contact or the dipolar hyperfine couplings, are transmit-
ted to the region far from the impurity center via the spin
diffusion process with homo-nuclear dipolar interactions.
In the dilute limit, the diffusion process is described by,
∂p
∂t
= D∆p− η
s− s0
TII
− (p− p0)
{
1
T1
+
1
TII
}
, (8)
where p0 = 〈I0〉/I(I+1) is a spin polarization at thermal
equilibrium, which is small compared to p in the optical
pumping process. D is a spin diffusion constant caused
by homo-nuclear dipolar couplings, which is of the order
ofWa2 withW being the probability of a flip-flop process
between nearest homo-nuclear spins. η is a numerical
factor, which is 1 for the Fermi contact case and 1/2 for
the dipolar coupling case. If D is neglected and η = 1,
the steady state solution of Eq. (8) is given by,
p∞ =
s− s0
1 + TII/T1
, (9)
If a leakage by T1 can be ignored (T1 → ∞), Eq. (9) is
reduced to Eq. (4).
III. EXPERIMENTAL DETAILS
In this section, we describe the experimental setup
used in this study.15 A Ti:Sapphire tunable laser pumped
3by a diode-pumped Nd:YVO4 cw green laser is used to
produce a linearly polarized light with the wavelength
between 850 and 1050 nm. The lights are delivered to
the tip of an NMR probe in a cryostat installed in su-
perconducting magnets (6.347 T and 11.748 T) by a
polarization-maintaining (PM) single mode optical fiber
(Fujikura), which transmits a light with its linear polar-
ization maintained. A quarter-wave plate is attached to
the tip of the NMR probe, which converts the linearly
polarized light to the circular one. The helicity of the
circularly polarized light (σ±) can be changed by a half-
wave plate located on the optical table before the light is
introduced into the fiber.
The samples used were commercially available InP
wafers doped with Fe (Showa Denko Co. Ltd.). We also
used three other samples (nominally undoped, and doped
with S, Zn) as references. The InP wafers 350 µm thick
were cut into 5 × 8 mm rectangular shapes and mounted
on the NMR probe with the surfaces (100) normal to
the magnetic field. The samples were wound by a cop-
per wire, which served as a detection coil. The circularly
polarized lights were illuminated to the samples through
the aperture of the coil. The diameter of the illuminated
spot was about 5 mm. NMR signals of 31P were detected
at temperatures between 4 and 40 K by a pulsed NMR
spectrometer with the pulse sequence of comb (64 ×π/2-
pulses)-τL-π/2 pulse-FID, where the first 64 comb pulses
extinguished a nuclear magnetization, and that built up
by the infrared lights during the exposure time of τL was
detected by a free induction decay signal. The dark ex-
periment was performed with the same pulse sequence
but without laser irradiation, where τLD, instead of τL,
corresponds to the long delay time in the saturation re-
covery experiments.
IV. RESULTS
A. Roles of dopants
Before detailed experiments on InP:Fe, we examined
the optical pumping effects of 31P in InP with four dif-
ferent dopants, which are summarized in Table I along
with their basic properties provided by the manufacturer.
Among the four dopants, only Fe shows a clear optical
pumping effect. The nominally undoped sample shows a
weak effect, while little effects are observed in the S and
Zn doped samples. Also shown in Table I are T1’s of
31P
in the dark, which exhibits a correlation with the opti-
cal pumping effect, i.e., more intense effect is observed
for the dopants with longer T1 of
31P. The qualitative
explanations for these results can be given as follows;
(1) Zinc-doped sample: p type carriers with relatively
high density. In general, τs of holes in the valence bands
is very short because a strong spin-orbit coupling makes
τs coupled tightly to the momentum relaxation time τp.
Moreover, exchange interactions between holes and elec-
trons cause a short τs of the pumped electrons (Bir-
TABLE I: Properties and the optical pumping effects of 31P
of the InP samples used in the present study.
dopant carrier ρ (cm−3)a T1 (s)
b optical pumping
Zn p 5× 1018 100 no
S n 6× 1018 130 no
undoped n 5× 1015 1300 weak
Fe S-Ic 7× 107 > 104 intense
a Carrier density at 300 K.
b
T1 of
31P at 4.2 K.
c S-I: Semi-insulator
Aronov-Pikus mechanism).9 Eq. (1) predicts that the
short τs gives rise to little optical pumping effects.
(2) Sulfur-doped sample: n type carriers with rela-
tively high density. This sample has a relatively short
T1 due to the hyperfine interaction of a Fermi contact
type between trapped electrons and 31P. The spin polar-
ization of 31P leaks away at the rate of T1. This results
in TII/T1 ≫ 1 and p is reduced to zero, as indicated in
Eq. (9).
(3) Nominally undoped sample: n type carriers with
relatively low density. The T1 of
31P is relatively long due
to the low carrier density, and a weak optical pumping
effect is observed.
(4) Iron-doped sample: a compensated semiconductor
whose carrier density is extremely small. The low car-
rier density causes a very long T1 and the polarization
transferred from the optically pumped electrons are ac-
cumulated in the 31P nuclei.
B. Optical pumping NMR in InP:Fe
1. Temperature and light exposure time dependences of the
31P signal enhancement
In what follows, we will restrict ourselves to the case of
InP:Fe, where the most intense optical pumping effect is
observed. Figure 2 shows the 31P NMR spectra of InP:Fe
under light irradiation (power density Φ=430 mW/cm2),
together with that in the dark case. The absolute value
of the integrated spectral intensity is enhanced for either
helicity, but the phase of the signal for σ+ is shifted by
180o (negative) from the dark case. The negative en-
hancement for σ+ suggests that a hyperfine coupling is
of dipolar origin.13
Figure 3 shows the temperature dependence of the in-
tegrated 31P signal intensity with Φ= 430 mW/cm2 and
τL = 600 s, together with that in the dark case with
τLD = 600 s. The enhancement is more significant at
lower temperature because of a long τs there. In general,
it is expected that τs decreases by a few orders of magni-
tude from 4.2 K to 300 K, while the lifetime τ increases
only slightly in the same temperature range. From our
data, the crossover temperature, above which τs/τ > 1
and S → 0 in Eq. (1), is estimated to be about 30 K. A
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FIG. 2: Optically pumped 31P NMR spectra at T = 4.2 K
and H0 = 6.347 T with Φ = 430 mW/cm
2 and τL = 300 s.
(a) σ− and Ep = 1.420 eV, (b) σ
+ and Ep = 1.416 eV. (c) A
spectrum in the dark case with τLD = 300 s.
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FIG. 3: Temperature dependence of the integrated 31P signal
intensity with Φ=430 mW/cm2, τL = 600 s at H0 = 6.347 T.
Ep=1.420 eV and 1.416 eV for σ
− and σ+, respectively. The
temperature dependence of the integrated intensity for the
dark case with τLD = 600 s is also shown.
peak around 10 K observed in the dark case is due to T1,
which increases quite rapidly below 10 K.
Figure 4 shows the exposure time (τL) dependence of
the integrated 31P signal intensity for σ+ at 1.416 eV and
for σ− at 1.420 eV, where the maximal enhancement is
observed for each helicity. Since the light is illuminated
only at a part of the sample, the observed signal is the
sum of the contributions from the illuminated and the
dark regions of the sample. The real τL dependence in
the illuminated region can be derived by subtracting that
in the dark from the observed data, which are shown by
closed triangles and circles in Fig. 4. The buildup times
(Tb) obtained by single exponential fits to the corrected
data are shown for the two different Ep and the helicities
in Table II. One finds that the buildup time is indepen-
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FIG. 4: Exposure time (τL) dependences of the integrated
31P signal intensity with Φ=430 mW/cm2 at 4.2 K and 6.347
T. The data for the dark case are also plotted. The closed
symbols represent the data corrected for the contribution from
the dark part of the sample, and the solid lines are single
exponential fits.
TABLE II: Ep and helicity dependences of the buildup times
of 31P under the light irradiation with Φ = 430 mW/cm2 at
4.2 K and 6.347 T. The contribution from the dark part has
been corrected.
Ep (eV) Helicity Tb (×10
3s)
1.420 σ+ 2.9 ± 0.2
σ− 2.6 ± 0.2
1.416 σ+ 4.7 ± 0.2
σ− 4.6 ± 0.2
dent of the helicity within the experimental error.
The maximal enhancement factor of the 31P signal can
be estimated from Fig. 4 by taking into account the
buildup time as well as the volume of the illuminated re-
gion. Here, we define the normalized signal enhancement
ǫ as follows.
ǫ(Ep, σ
±, τL) ≡
I(Ep, σ
±, τL)− IBG(τLD = τL)
IBG(τLD = τL)
, (10)
where I(Ep, σ
±, τL) and IBG(τLD) are the integrated sig-
nal intensity measured under the light irradiation with
Ep, σ
± and τLD, and that of the background measured in
the dark with τLD = τL, respectively. The subtraction of
IBG(τLD) in the numerator allows us to extract only the
contribution from the illuminated region of the sample.
From Fig. 4, ǫ(1.416eV, σ+, τL → ∞) = −1.4, while the
area of the illuminated spot is 0.4 of the total area of
the sample. Since the penetration depth of the light at
1.42 eV is 2 µm14, the total volume where the optically
pumped nuclei are involved is about 0.2 % of the whole
sample. Hence, the enhancement factor for Ep = 1.416
eV and σ+ is −1.4/(2×10−3) ∼ −7×102. Since p of 31P
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FIG. 5: Ep dependences of the enhancement ǫ(Ep, σ
±, τL =
120 s) for 31P with Φ= 430 mW/cm2 at 4.2 K. (a) H0=6.347
T and (b)11.748 T. Pi’s (i = 1 ∼ 4) indicate local minimum
points (local maximal absolute values) of the enhancements
for σ+.
at thermal equilibrium at 4.2 K is 6.3 ×10−4, the aver-
age polarization of 31P nuclei in the illuminated region is
estimated to reach about −40 %.
2. Photon energy dependence of the 31P signal
enhancement
Figure 5(a) shows the Ep dependences of the
31P signal
enhancements ǫ(Ep, σ
±, τL = 120 s)≡ ǫ(Ep, σ
±) with Φ=
430 mW/cm2 at 4.2 K and 6.347 T. Here, one can see
oscillatory behaviors of ǫ(Ep, σ
±) as a function of Ep.
One may also notice that ǫ(Ep, σ
±) is quite asymmetric
in terms of helicity, i.e., ǫ(Ep, σ
+) 6= −ǫ(Ep, σ
−). In
particular, ǫ(1.416 eV, σ−) is negative as is ǫ(1.416 eV,
σ+). These behaviors cannot be accounted for by the
picture given in §II.
We also performed the same experiment at 11.748 T,
which is shown in Fig. 5 (b). One can see that the
absolute value of the enhancement is reduced by a factor
of 4 from that in Fig. 5 (a). The factor “4” is consistent
with Eqs. (7) and (9) in that 1/TII ∝ ω
−2
S = (γeH0)
−2
and that H0 is increased by 1.85 from 6.347 T to 11.748
T. Note that the field dependence of the signal intensity
irrelevant to the optical pumping effect is canceled out
by the denominator IBG in Eq. (10). On the other hand,
the oscillation period as a function of Ep is the same for
both the fields, i.e., the local maxima and the minima
appear at the same Ep’s.
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FIG. 6: (a) Ep dependences of the enhancement
ǫ(Ep, σ
±, τL=120 s) for
115In with Φ= 430 mW/cm2 at 4.2 K
and 6.347 T. (b) Corresponding Ep dependence of
31P (Fig.
5 (a)). The Pi’s are the same as those in Fig. 5 (a).
3. Photon energy dependence of the 115In signal
enhancement
Fig. 6(a) shows the Ep dependences of the enhance-
ment ǫ(Ep, σ
±, τL = 120 s) for
115In at 4.2 K and 6.347
T with Φ=430 mW/cm2. For comparison, the data for
31P [Fig. 5(a)] are shown in Fig. 6 (b). Here, one can
find the following features for the 115In signal enhance-
ments in this figure. (1) The signal enhancements are
positive for both the σ+ and σ− except for σ− at around
P4. (2) The difference between σ
+ and σ− is less signifi-
cant than that for 31P. (3) The signal enhancements also
show oscillatory behaviors as seen in the case of 31P. (4)
The oscillation period is almost the same between 115In
and 31P, but they are out-of-phase, i.e., the local minima
for 115In indicated by Pi coincide with the negative max-
ima for 31P. Again, these features cannot be explained by
the theory in §II, indicating that the enhancement may
be subject not only to the spin-selective interband tran-
sitions and hyperfine couplings, but also to some other
mechanism.
A rather unexpected behavior has been also observed
in the buildup times. Table III shows the buildup times
for 31P and 115In at 4.2 K with Ep = 1.420 eV along with
the T1 values at 300 K. One can see that the buildup
times are of the same order between 115In and 31P. This
result is unexpected because the T1 values are different by
more than three orders of magnitude between them. To
see how it is unexpected, let us estimate the ratio of the
buildup times between 115In and 31P (i.e., 31TII/
115TII)
expected from that of the T1 values. From Eq. (7),
31TII/
115TII = (
115A/31A)2, (11)
while (115A/31A)2 can be estimated from the T1 values
6TABLE III: Buildup times for 31P and 115In with Ep = 1.420
eV at 4.2 K and 6.347 T. The contribution from the dark part
has been corrected. Also shown are the spin-lattice relaxation
times (T1) of
31P and 115In at 300 K.
115In 31P
Tb (s) σ
+ 1.6± 0.4× 103 2.9± 0.2× 103
σ− 1.4± 0.5× 103 2.6± 0.2× 103
T1 (s) - 1.0 ± 0.1 ×10
−1 5.1 ± 0.2 ×102
because 1/T1 ∝ I(I + 1)A
2.
(
115A
31A
)2
=
31I(31I + 1)31T1
115I(115I + 1)115T1
, (12)
where 31I=1/2 and 115I=9/2 are the nuclear spins for 31P
and 115In, respectively. From Table III,
31T1/
115T1 ∼ 1.5× 10
3, (13)
so that [115A/31A]2 is estimated to be ∼ 45. This is in-
consistent with the fact that TII are of the same order for
31P and 115In. We will address these unexpected results
in the next section.
V. DISCUSSION
The most peculiar aspect of the optical pumping ef-
fects in InP:Fe is the oscillatory behaviors of the signal
enhancements as a function of Ep. Michal et al. dis-
cussed its possible relation with the electron momentum
relaxations τp caused by LO-phonons with discrete en-
ergy levels, but they found that the oscillation period did
not match that estimated for the LO-phonons.14 Since
this behavior is not observed in the undoped InP,19 some
unique properties of the InP:Fe sample may be respon-
sible for it. We speculate, from the data shown in the
previous sections, that it stems from the structures of
the photon absorption spectrum rather than relaxations.
Here, we divide this oscillation into two parts; i.e., the
regions below and above P4 in Fig. 5. The oscillation
below P4 may be caused by traps associated with phos-
phorus vacancies and Fe-ions. The former exists even in
the undoped InP, while the latter results from Fe-doping,
which compensates the electrons caused by the former.
In fact, the peaks in this region can be assigned from the
photoluminescence (PL) peaks reported in Ref. 20. For
example, Ep= 1.417 eV, labeled as P4 can be assigned
to the band edge transition, while P1 (Ep=1.396 eV) to
excitons bound to deep level acceptors. The two peaks
between P1 and P4 (P2, Ep=1.407 eV and P3, 1.412 eV)
have been also observed in the PL spectrum, which may
be related to excitons bound to neutral donors and/or
acceptors.20
The oscillation above P4, on the other hand, may be as-
sociated with the defect-acceptor or donor-acceptor pairs
(DAP) in InP:Fe.20 The process of a photo excitation in
a DAP is described as,
D+ +A− + Ep → D
0 +A0, (14)
and the transition energy Ep is given by,
Ep = Eg − EA − ED + e
2/(ǫRm), (15)
where Eg, EA, and ED are the energy for the gap energy
and the binding energies in a neutral donor and an accep-
tor (D0 and A0), respectively. The last term in Eq. (15)
represents the coulomb binding energy (EB) between the
donor and the acceptor, where Rm is a distance from
the donor of interest to the acceptor at the m-th nearest
neighbor shell and ǫ is a dielectric constant, which is 9.6
in InP.21 Since the donor and the acceptor sites are local-
ized at lattice points, Rm can take only discrete values
determined by the crystal structure and the lattice con-
stant d. This results in discrete EB levels, and Ep shows
a series of discrete transition peaks. The optical pump-
ing effects with different Ep occur in different DAPs, and
these discrete levels manifest themselves as the oscilla-
tory behavior of the NMR signal enhancement through
τe in Eq. (6). The energy difference in EB between ad-
jacent shells (∆EB ≡ EB(Rm)−EB(Rm−1)) falls within
the range from 1 to 10 meV for m = 10 ∼ 60,22 which
are comparable to the oscillation period of the signal en-
hancements above P4 in Figs. 5 and 6. We expect that
the density of such accepter and donor pairs could be of
the order of 1015 cm−3, because the undoped InP sample
contains donor sites of the order of 1015 cm−3, which are
compensated by acceptors caused by the Fe-doping.
Let us turn to the issue of the σ± asymmetry man-
ifested in Fig. 5. The asymmetry indicates that the
polarization p is not directly determined by Si in Eq.
(1). On the other hand, the buildup time Tb shown in
Table II is almost σ± independent in spite of the large
σ± asymmetry of the enhancements. These facts suggest
that, besides the usual optical pumping process by pho-
tons, there may be another process for buildup of the 31P
polarization, which is independent of the photon helicity.
The buildup process may be described phenomenologi-
cally (neglecting T1 in the dark) as,
p(τL) ∝ p1(1− e
−τL/TII ) + p2(1− e
−τL/TI2), (16)
where TII and TI2 are the cross relaxation times of
31P
by trapped electrons and by some unknown (second) pro-
cess, respectively, and p1 and p2 are the corresponding
polarizations at τL → ∞. Here, p1 is negative (positive)
for σ+ (σ−), while p2 is always negative regardless of σ
±.
Note that p1, p2, TII and TI2 may be all Ep dependent.
If TI2 ≫ TII , Tb is predominated by the second process.
A plausible mechanism for this second process is
that caused by the dipolar ordered 113/115In nuclei, as
manifested by the single resonance polarization trans-
fer effect.17 This effect is caused by the Hartmann-Hahn
cross-polarization mechanism between 31P nuclei in the
7rotating frame and dipolar ordered 113/115In nuclei in the
laboratory frame. In the dipolar ordered state, 113/115In
nuclei form domains in which the nuclei are correlated
by nuclear dipolar couplings.23 The energy required to
flip a spin of the domain is not only a Zeeman energy of
one nucleus ~ωS, but also of the order of nuclear dipolar-
dipolar interactions because of the strong nuclear spin
correlations (in other words, multiple quantum coher-
ences) in each domain. We may expect that a similar
mechanism renders reorientation of 31P by the dipolar
ordered indium nuclei.
Here, one may pose a question: i.e., provided that
113/115In are responsible for the second process (TI2),
how can we expect the phenomenon similar to the single
resonance nuclear polarization transfer, although neither
31P nor 113In are in the resonance condition during the
light exposure? We consider that the reorientation of 31P
is caused by the dynamic nuclear self-polarization, where
31P nuclei interact indirectly with 113/115In nuclei via
electrons.9,19,24 The mechanism is as follows. The polar-
ization of nuclei created by the optical pumping produces
nuclear magnetic fields for electron spins, which causes
net electron spin Sz in Eq. (1) to change. Simultane-
ously, the change in Sz gives rise to the change in the
nuclear polarization as given by Eq. (4), and as a result,
the interactions among 113In, 115In and 31P are set up.
Note that this process is different from the usual indi-
rect nuclear spin-spin coupling, e.g. the Suhl-Nakamura
interaction in magnets, where electron spins appear in
the process only implicitly as a virtual process, so that
the energy conservation between the nuclear spins is
strictly observed. In the present process, on the other
hand, changes in the electron spins are not virtual but
actual. The influence of the electron spins on the nuclei
manifests itself as a static internal field, and the differ-
ence in the Zeeman energies between 31P and 113/115In
could affect only a dynamical aspect of the process
through TII given by Eq. (6). In the present case, how-
ever, TI2 ≫ TII , so that TII of
31P may not be a deter-
minant of Tb. Since the process proceeds in a cooperative
way among 113In, 115In and 31P nuclei via the net elec-
tron spins Sz, the same order of Tb is anticipated for
115In
and 31P, which is what we have actually seen in Table III.
We believe that these mechanisms are rather plausi-
ble. Nevertheless, further investigations are needed to
elucidate these peculiar behaviors.
VI. CONCLUSION
We have investigated the optical pumping NMR in
InP:Fe, which exhibits the most intense optical pumping
effect among other dopants. The effect has been opti-
mized and the 31P polarization up to about 40 % has
been achieved with σ+ and Ep = 1.416 eV.
The quite effective optical pumping effect in InP:Fe is
accompanied by some peculiar phenomena such as the
oscillatory behavior of the NMR signal enhancement as
a function of Ep and the asymmetry of the enhancement
against σ±. We have revealed that the buildup time for
the 31P enhancement is almost independent of the he-
licity, and has the same order as that of 115In. These
results indicate that the buildup process of 31P polar-
ization is not determined by the usual optical pumping
process by photon absorption. We have discussed the
possible reorientation of the 31P nuclei due to the indirect
couplings with the dipolar ordered 113/115In polarizations
via trapped electrons. On the other hand, the magnetic-
field and nucleus (31P and 115In) independence of the
oscillation period suggests that the oscillation is caused
by traps at phosphorus vacancies and/or donor-acceptor
pairs (DAP), which provide a discrete photo-excitation
spectrum.
The present work has shown that the optical pumping
NMR is an effective tool for the investigations of impurity
levels in semiconductors.
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